INTRODUCTION
Monitoring and control of the integrity and properties of materials at all stages of structural life, from cradle to retirement, is a growing NDE field. A typical system consists of a sensor, data acquisition, processing and control setup with a host personal computer. For composites, the stage of cure is the only time when an adequate actuation can easily affect the cause of unacceptable characteristics or possibly eliminate the formation of defects. Real-time monitoring of the cure process of plastic-reinforced composites can prevent overbleeding, minimize trapped volatiles, alert of vacuum leak, indicate cure rate and optimize the material properties. For many years, the process of curing composites has been an empirical science and has evolved through a trial-and-error approach. In recent years, significant progress has been made towards understanding the process as a result of data accumulation and progress in mathematical modelling of the composite cure process. Computer science is increasingly applied to support the process analysis using artificial intelligence and knowledge base systems.
Controlling cure with adequate feedback requires capable sensors that provide real-time information about the conditions of the material being processed. In recent years, several effective cure monitoring techniques were reported including dielectrics [1] , fluorescence [2] , fiber optics [3] , acoustic emission, thermography and ultrasonics [4] . The most widely and longest in use is the dielectrometrics. Such sensors measure changes in the dielectric properties of the curing resin which are related to the resin viscosity and the degree of cure. Recent developments in microdielectrics have made available tool-mount type sensors which can be used repeatedly. The main limitation of this sensor is the strong dependence of the results on the composition (i.e. batch) of the composite materials.
The use of optical fibers as sensors for cure monitoring is a relatively new application. Optical fibers combined with an interferometric system can be used to gage the pressure and temperature inside a curing laminate. Further, with the aid of spectrography such fibers can gage changes in the resin fluorescent emission which is related to the resin viscosity and degree of cure. The sensor uses optical fibers to transmit spectral radiation, which stimulates the resin characteristic fluorescence emission. Optical fibers can be mounted on the curing-tool and operate effectively beyond the resin-gelation stage. Optical fibers are providing an excellent gaging capability however they are delicate and the test system is expensive.
The capability of ultrasonics to sense changes in properties and presence of defects attracted researchers to explore its cure sensing capabilities [4] . Ultrasonic information can be obtained in real-time with tool-mount probe, however it is difficult to relate material changes to the sensor output. For example, the time-of-flight (TOF) of an acoustic pulse travelling normal to a laminate is affected by changes in the laminate thickness and material properties. Both parameters are Changing simultaneously during cure and are causing a similar effect on the TOF. Also, the effects of autoclave high temperature on the ultrasonic probe response and the requirement for acoustic coupling are hampering a greater use of ultrasonic sensors.
Recently, the authors explored sensors that provide thickness and pressure data during cure where the measurements are not affected by the type of tested material. A proximity sensor, based on the lift-off effect of eddycurrents, was developed and used to measure the thickness. Whereas, a commercial force resistive resistor (FSR) was used to measure the pressure. To relate the data to the cure parameters through analytical modeling, a theory outlined by Ciriscioli and springer [6] was examined in relation to the effects of cure parameters on the thickness and pressure.
COMPOSITE CURE MONITORING
Proper understanding of the cure process allows establishing adequate cure model and sensors to monitor the process. Generally, the cure of graphite/epoxy consists of three major phases (see Figure 1) . The focus of the current study is on the first phase of curing at which the resin behaves as a viscous liquid. At this phase, the resin can be inflicted with defects such as voids, porosity and inadequate fiber/resin ratio.
The cure cycle shown in Figure 1 represents a bleed-type process using bleeder cloth layer, where the resin bleeds through the laminate thickness and edges. In contrast, the no-bleeder cure does not employ bleeder layers and bleeding takes place along the composite edges only. In a bleed cure cycle, the temperature is raised initially at a rate of 1° to 5"F per minute up to an intermediate stage of 240°, where it is held for 60 to 70 minutes. To assist in removing foreign volatiles, a vacuum is maintained on the part. On the other hand, to prevent formation of porosity and voids, 85 psi Figure 1 . A typical cure cycle for graphite/epoxy laminate.
autoclave pressure is maintained on the part. During this period of heating and temperature hold, the epoxy reaches its minimum viscosity and excess resin flows into the bleeder cloth. After this period, the vacuum is removed and 100 psi pressure is maintained on the part. Then, as the curing continues the viscosity increases.
At the end of the hold period, temperature is raised again at a rate of 1° to 5° per minute until it reaches the maximum cure temperature of 350°F. During this resumed increase in temperature, the viscosity of the resin decreases again. Provided that the cloth has not become saturated, the resin will continue to flow into the bleeder cloth. After passing through the second minimum, the viscosity increases dramatically, leading to gelation. Generally, gelation is defined as the point where viscosity reaches 100,000 centipoise. It is usually reached for the thermosetting resins in the temperature range of 275° to 350°F. The time and temperature of gelation will depend on the resin chemistry, resin advancement and the rate of temperature increase.
In recent years, it has become more common to use a nobleed process since most resin bleeding occurs from the edges of the laminate by flowing along the fibers. The no-bleed cure process is somewhat different from the bleed type in eliminating the step of holding the temperature at 240°F. In the no-bleed process, the pressure is increased to 100 psi and the temperature is increased at a rate of 1° to 5°F up to the maximum of 350°F.
Once gelation commences, the resin will cross-link rapidly, building the physical properties that are so useful in high performance aerospace parts. After cure, the part can be fragile due to residual thermoelastic stresses, and postcure needs to be done. Postcuring takes place in an oven at 350°F and it leads to additional cross-linking and therefore to more strength and environmental resistance of the laminate.
l-10DELING OF CURE PROCESS
Modeling and instrumentation of a cure process allow the optimization and the control of the process to obtain the desired composite quality in the minimum time. A cure model has to account for the myriad of parameters that affect the process including the kinetics, viscosity, flow, heat transfer, residual stresses and voids. various models have been developed to analyze various aspects of the cure process. Ciriscioli and Springer (6) have outlined a model for the resin flow during cure and assumed that the resin flow parameters are independent of location. others researchers have also attempted to address the issue of resin flow. Williams, et al (7) studied resin flow along the fibers and the effect of the fibrous material on the resin as an adhesive layer. Thomas (8) combined several models including a modification of the Ciriscioli and Springer Model to obtain a computer-aided cure by predicting the effect of the various parameters on the cure process. Thomas conducted several experiments to confirm the model and have shown some degree of success. While the resin pressure and laminate thickness behavior were addressed analytically, sensors that can measure these parameters were not available to confirm the predictions.
Generally, the model of flow is based on Darcy's law as follows:
where: V -resin flow velocity, S -apparent permeability, ~ -the viscosity and dP/dz -pressure gradient.
The characterization of the cure process requires the derivation of Eq. 1 and cure data including the resin pressure and the rate of thickness change. The authors concentrated at the first stage of their study on developing such sensors and establishing a data base. Later, the existing models will be verified and relevant modification of the analysis is planed.
EXPERIMENTAL
The proximity and pressures sensors that were evaluated during the course of this study are described herein.
Proximity Sensor: To monitor the thickness and its rate of change as a function of time from the beginning of the cure process, a proximity sensor was developed [5] . A general view of the test system is shown schematically in Figure 2 . The probe is placed above the sample and a cable is connected through the wall of the autoclave to the test instrument and to a personal computer. The computer, using software that was developed in-house, acquires data simultaneously from 4 sensors and displays the results on the monitor. material. This sensitivity to the proximity forms the basis for a thickness monitoring technique. A commercial eddycurrent instrument that was initially designed to measure the thickness of non-conductive paints over metallic surfaces, was modified for this application. The modifications include the addition of a thermocouple input port and an associated circuit board that amplifies, calibrates and converts the thermocouple's analog signals into a digital format. The micro-processor controls a multiplexer, which sends both temperature and lift-off data to a bidirectional port, and is interfaced to a personal computer.
An analog filter and various digital signal-processing techniques were used to enhance the lift-off data. The instrument reading was linearized for proximity values over a range of 0.02 to O.l-inch. The digital resolution of the instrument was set to ±0.0001 inch over the reading range. A high temperature probe was developed to operate in the autoclave at temperatures from ambient to 400°F. To allow room for the vacuum bag above the target, an initial gap of approximately 0.02 inch is used between the probe and test surface/target. An aluminum caul plate (0.25 inch thick) was used as an eddy-current target for the proximity measurements. The measurement of proximity from a target rather than directly from the graphite/epoxy surface was preffered for the following reasons:
* Analysis of the eddy-current interaction with Gr/Ep is more complex.
* Eddy-Currents can penetate thin Gr/Ep laminates due to the low conductivity and interact the metal tool.
* Metal targets shield interactions with the Gr/Ep. * The use of metal target simplifies the calibration of the equipment because a single setting can be used regardless of the type of fiber reinforcement (e.g. graphite, glass or aramide).
A rigid probe-support is attached to the tooling to allow measuring small changes in probe-to-target distance. This arrangement provides the required reference point so that essentially only changes in composite thickness (target movement) are detected by the probe. Errors in measurement can result from the differences in thermal-expansion coefficients in the cure setup over the cure-cycle temperature range from room temperature to 400°F. The changes in electrical resistivity of the probe and target over this temperature range also contribute to measurement errors. These sources of error are minimized by determining an overall system thermal expansion coefficient during an autoclave cure cycle without a curing composite laminate. The correction factor as a function of temperature is stored in the computer and automatically compensates for proximity measurement error during the cure-cycle.
In Figure 3 , an example of a monitored cure using 4 sensors is shown for a unidirectional graphite/epoxy. The agreement between the predicted final thickness and the system reading has been 3%. The first major minimum of the temporal gradient curve results from the compaction and outgassing of trapped gasses and volatiles in the laminate. The second minimum is the result of resin flow including the flow into the bleeder. compaction and outgassing lead to a relatively small but fast reduction in laminate thickness which lasts from 5 to 10 minutes. Resin flow continues until gelation is reached after which there is relatively little change in thickness, Generally, a slight increase in laminate thickness is observed during the post-gelation stages, which is attributed to polymer cross-linking.
Pressure sensor: For measurement of pressure in fluid media, there is a wide variety of sensors commercially available. For cure monitoring applications, where the temperature can rise to 400°F and higher, there are certain requirements that limit the applicable sensors. At this stage of the study, the authors concentrated on evaluation of the force sensing resistor (FSR) sensor. This sensor consists of a pair of comb electrodes placed over a semiconductor material which under pressure changes the resistance. This inexpensive sensor is enclosed in a transparent thin case and can be imbedded in the curing laminate. The data acquisition hardware and software consists of a Wheatstone bridge connected to a digital voltmeter with an AID converter and is used for data acquisition and processing by a 486 computer.
To control the pressure up to 100 psi and the temperature up to 400°F a jig was designed to allow curing GriEp laminate under a compression unit (Instron). The jig was wrapped with a heating blanket, connected to a digital thermocouple and a temperature controller and the temperature was acquired by the pc. A set of three sensors were placed in the curing chamber of the jig (above, in the middle and below the sample) and were monitored by the data acquisition system. The pressure was acquired digitally by the pc via IEEE-488 interface from the Instron machine and was related to the sensor response. Since the FSR response depends on the specific sensor, temperature, and pressure it requires preparation of a calibration curve for each individual sensor. A calibration curve was prepared by applying various combinations of pressure and temperature to check the operation and reliability of the sensor.
Generally, test results have confirmed the expected trend, namely the hydrostatic pressure shows initial drop due to the resin flow. Once polymerization progresses towards gelation the pressure increases to the compression level as shown in Figure 4 . While the pressure trend is confirmed, difficulties were encountered in quantifying the response. The reading of the pressure on the graph is showing levels that are much higher than the Instron reading. Further, the sensor sustains a drift in reading over more than 10% even under a constant pressure. The repeatability and accuracy of the data in relation to the calibration curve has been above 3%. The sensor response to pressure and temperature is complex and is not linear and for a repeated use the sensor calibration curve needs to be redone once the temperature exceeds about 150°F. These limitations are making the sensor less practical for support of a quantitative control of curing. In future studies, the authors are considering the use of flash diaphragm sensors and several types are currently being evaluated. The replacement sensors are documented to provide accuracies of less than 1% at the temperature range up to 400°F for pressures up to 100 psi. 
CONCLUSIONS
Studies of an eddy current proximity sensor have shown that it is highly reliable if the fixture for holding it is properly designed and maintained. The use of FSR as a pressure sensor have shown some success when it is used for quanlitative applications. While FSR can be used as a general gaging sensor a replacement is being considered that is based on a flash-diaphragm. A combination of proper theoretical modeling, thickness gaging and pressure sensors can lead to improved quality of curing composites, shorten the cure time and optimize the composite properties.
